T he role of the p53 protein in preventing tumor progression has been largely attributed to its ability to induce apoptosis or senescence in cells undergoing malignant progression (1) . The transformation of cells from normal to cancerous is accompanied by increases in numerous types of stress that signal to the activation of p53, which can then provoke the elimination of the rogue cell. This executioner role for p53 neatly accommodates its role as a tumor suppressor-and it is certainly the response to p53 that we would like to reactivate for the treatment of cancer. However, there is now growing evidence that under certain circumstances, p53 can also come to the aid of a stressed cell, functioning to protect the cell from damage and contributing to a survival response (2) . Several of the more recently described roles of p53 in regulating metabolism seem to fall into this latter category, suggesting that p53 helps to maintain normal metabolism and plays a key role in allowing cells to adapt to various types of metabolic stress. Two interesting new studies published in this issue of PNAS take this area of p53 activity even further, describing a role for p53 in the metabolism of glutamine through the activation of expression of glutaminase 2 (GLS2) (3, 4) . These observations immediately suggest a plethora of intriguing possibilities and further questions.
p53 is a key player in the response to a multitude of different types of stress. First shown to be activated by DNA damage, we now know that p53 can be induced by a broad gamut of signals, including telomere shortening, hypoxia, loss of cell contact, oncogene activation, and starvation. It seems that whenever the cell gets into trouble, p53 is called upon to help deal with the problem. Interestingly, the range of possible outcomes upon p53 activation is also extremely diverse and includes the ability to control the pathways of energy metabolism and modulate oxidative stress (5) . Most intriguingly, several of these functions of p53 have been found to operate even in the absence of overt stress signals, suggesting that p53 may play a role under normal growth conditions, as well as in response to trauma.
Changes in the mechanisms of energy metabolism are deeply embedded in the switch from normal to malignant growth. Most cancer cells show alterations in glucose metabolism that result in the utilization of glycolysis-rather than oxidative phosphorylation-for energy production. Mounting evidence supports the importance of these alterations to the maintenance of tumorigenesis (6) , with the possibility that tumor cells become selectively dependent on these changes. Several p53 activities can oppose this metabolic switch, by both dampening the rate of glycolysis (through repressing the expression genes like GLUT1, GLUT4, or PGM that function to drive glycolysis, or activating the expression of genes like TIGAR that slow glycolysis) and by promoting mitochondrial respiration (through the activation of genes like SCO2) and mitochondrial maintenance (7) (Fig. 1) . p53 therefore plays an important role in maintaining the balance between glycolysis and oxidative phosphorylation, providing a mechanism by which p53 can hinder cancer development that is clearly different from the induction of cell death or senescence.
A second important function of p53 in preventing oncogenic transformation (as opposed to eliminating cells that may have acquired oncogenic changes) is to limit oxidative damage (8) . p53 can directly activate the expression of antioxidant genes such as the sestrins, SOD2, GPX1, and ALDH4 (Fig. 1) . The induction of TIGAR by p53, while dampening glycolysis, promotes the use of the pentose phosphate pathway and so encourages the production of NADPH that is essential for antioxidant activity. This activity of p53 helps to prevent the accumulation of reactive oxygen species (ROS)-induced DNA damage, thereby suppressing tumor progression. Intriguingly, this function of p53 may also contribute to other, non-cancer-associated pathologies, such as aging.
The two articles describing the activation of GLS2 by p53 give us a further nugget of information to integrate into our understanding of p53 function (Fig. 1) . GLS2 converts glutamine to glutamate, which can be used to generate Krebs cycle intermediates and reduced glutathione (GSH), which functions as a key ROS scavenger in the cell. The studies show that the induction of GLS2 by p53 leads to an efficient antioxidant activity, reflected in an increased ratio between GSH and oxidized glutathione. Loss of p53, or depletion of GLS2, enhanced intracellular ROS and increased the cell's sensitivity to ROS-associated apoptosis. Importantly, GLS2 was linked to tumorigenesis, with loss of GLS2 expression detected in hepatocellular carcinomas and overexpression of GLS2 (in experimental systems) resulting in a decrease of tumor cell growth. Taken together, the data nicely support a role for p53-mediated activation of GLS2 in lowering ROS and protecting from tumor development. Importantly, as has been shown for many other antioxidant activities of p53, the regulation of GLS2 by p53 occurs in cells even in the absence of acute stress, supporting the importance of the antioxidant activities of p53 under normal growth conditions.
There are, however, more consequences of GLS2 expression than the generation of GSH. The glutamate produced by GLS2 can be converted to form α-ketoglutarate, which is a Krebs cycle intermediate. p53 is known to promote mitochondrial respiration through the activation of several genes, such as SCO2 (9) , and the new studies show that GLS2 activity also increases ATP production and oxygen consumption. This role of p53 in COMMENTARY respiration may help to explain why so many cancers (in which the p53 function is generally compromised) show a dependence on glycolysis for energy production (7) . But in the case of glutaminolysis, aligning this previously uncharacterized function of p53 with the emerging concepts of how metabolic changes contribute to cancer is likely to require some more investigation. As is seen for glucose utilization, glutamine uptake and metabolism can also be altered during the cancer development to result in enhanced rates of glutaminolysis. Indeed Myc, an oncogene that plays an important role in most human cancers, has been shown to promote glutaminolysis through the induction of expression of glutaminase 1 (GLS1) (10, 11) , an enzyme with a structure and activity similar to that of GLS2. Under these conditions, Mycinduced glutaminolysis contributes to the proliferation and survival of the transformed cells. An emerging model suggests that increased glutamine metabolism in cancers would help boost energy production (when sufficient oxygen is available) and lower ROS, but may be most important in providing Krebs cycle intermediates for the anabolic reactions that generate nonessential amino acids, lipids, and nucleotides to support cell growth (12) . At first glance, Myc-driven glutaminolysis contributing to tumorigenesis might seem to be quite inconsistent with a similar role of p53 in tumor suppression. Although the answer to this riddle is not completely clear, there are several clues that point to a possible solution. Clearly, GLS1 and GLS2 are regulated differently -the oncogene Myc targets only GLS1, whereas the tumor suppressor p53 only controls the expression of GLS2. Although sharing some functions, GLS1 and GLS2
show distinct kinetics and activities that may make the consequences of their enhanced expression quite different, and this may depend on factors that include signal, environment, and cell/tissue type. But even if GLS1 and GLS2 expression has essentially the same consequences, this will not be the first example whereby p53 regulates an activity that has the potential to both prevent and contribute to tumor development,depending on the circumstances.
p53 may play a role under normal growth conditions, as well as in response to trauma.
Consider, for example, the contribution of p53 to ROS regulation, whereby diametrically opposite activities can be elicited. The antioxidant activities of p53, to which GLS2 clearly contributes, have been convincingly shown to help prevent tumor development (13) . However, several apoptotic target genes of p53 can promote the accumulation of oxidative stress, and the apoptotic/senescence responses induced by p53 are dependent, to a large degree, on ROS (14) . So under these conditions, antioxidants that lower ROS levels would reduce apoptosis or senescence and could hinder p53's tumorsuppressive abilities. There is clearly a complex interplay between the different responses to p53 and how these activities are regulated. It does not seem beyond the bounds of possibility to suggest that in some tissue types, enhanced expression of a protein that can lower ROS and promote glutaminolysis, like GLS2, might contribute to tumorigenesis. It might also be interesting to consider this previously uncharacterized activity of p53 in allowing cells to adapt to changes in nutrient availability. p53 is emerging as central in coordinating the response to metabolic or energetic stress, driving outcomes such as cell cycle arrest and autophagy that help cells adapt and survive (15) . Activation of guanidinoacetate methyltransferase (GAMT) by p53 can enhance fatty acid oxidation, providing an energy source that might help cells ride out periods of starvation (16) (Fig. 1) . Similarly, the ability of p53 to promote the utilization of glutamine for energy production could also, under some conditions, help buffer cells from fluctuations in the availability or range of nutrient sources.
Most exciting, perhaps, is the impact that understanding the metabolic functions of p53 has on our ability to indentify critical points in these pathways to serve as targets for therapeutic intervention. The metabolic alterations caused by loss of p53 seem to contribute to cancer progression but also present some interesting points of vulnerability that may be specific to the cancer cell (17) . The apparently opposing functions of GLS1 and GLS2 in regulating cancer development might even suggest that it would be worth searching for specific inhibitors of one but not the other. Even more intriguing is the emerging suggestion that p53 contributes to metabolic disorders such as diabetes and aging (18) . Identifying, understanding, and exploiting these could be key in our search for new ways to treat disease. ACKNOWLEDGMENTS. K.H.V. is supported by funding from Cancer Research UK.
